L
ocal anesthetic systemic toxicity (LAST) is a well-known and potentially life-threatening complication of regional anesthesia. Peripheral nerve blockade (PNB) commonly utilizes large doses of local anesthetic, and therefore, techniques that reduce the risk and severity of LAST are important. 1 During obstetric epidural anesthesia, preventive strategies such as test doses, incremental injections, dose limitation, aspiration, and intravascular markers are thought to be responsible for improvement in outcomes. 2 In contrast, the American Society of Anesthesiologists Closed Claims database indicates that LAST is a significant source of morbidity and mortality following PNB, being associated with 7 of 19 claims involving death or brain damage. 3 Case reports or series are another important source of information on LAST, but potentially these are subject to publication bias leading to the reporting of favorable outcomes only. 4 Ultrasound-guided PNB is associated with a reduced incidence of inadvertent vascular puncture 5, 6 and reduced local anesthetic requirements compared with nonultrasound techniques. 7 Therefore, there exist plausible mechanisms for ultrasound-guided PNB reducing the incidence of LAST from either inadvertent intravenous injection or delayed absorption of a tissue depot of local anesthetic. However, factors unrelated to ultrasound imaging such as the site of injection, patient comorbidities, and other practice patterns may contribute to LAST.
In this article, we analyze results of the Australian and New Zealand Registry of Regional Anaesthesia (AURORA). This project was formerly known as the Australasian Regional Anaesthesia Collaboration 5 and is a prospective multicenter clinical registry that monitors and reports on the quality and safety of contemporary PNB. AURORA utilizes a Web-based interface to a remote database, allowing collection of clinical information on many PNBs. The primary objective of this analysis was to ascertain if ultrasound-guided PNB was associated with a reduced incidence of LAST compared with PNB techniques that do not use ultrasound.
METHODS
The institutional review board of all hospitals contributing to AURORA approved this project as a quality-assurance activity or low-risk research, or waived the requirement for approval. The study period for this analysis is from January 2007 through May 2012. Data from January 2007 to May 2008 have previously been reported 5 and included data merged from different databases (online and off-line). This created a data set that was suitable for descriptive analysis but not suitable for multivariable logistic regression analysis. From June 2008 on, AURORA has only collected information directly to an online interface. To facilitate formation of a data set suitable for multivariable analysis (eg, covariates known for patients who did and did not have the event), only data entered directly to the Web-based interface (before June 2008) and all data from June 2008 onward are included for analysis. Study methodology has been previously documented, 5 and a key requirement is that all patients who received PNB from all recruiting hospitals are included. During 2007 to 2008, 9 hospitals contributed, and during 2008 to 2012, 18 hospitals contributed (7 of these 18 also contributed during [2007] [2008] ) to this project. Patients younger than 13 years were excluded from this analysis. Demographics (age, weight, sex), PNB type, technology used to locate nerve/plexus, local anesthetic type and dosage used to perform PNB, and immediate complications (LAST, inadvertent vascular puncture) were extracted from the database using structured query language commands. Site of PNB was categorized as upper limb, paravertebral (thoracic paravertebral, posterior approach to the lumbar plexus), lower limb (femoral, saphenous, lateral femoral cutaneous, obturator, sciatic nerve blocks), and trunk (transversus abdominis plane, ilioinguinal/iliohypogastric, rectus sheath blocks). Technology was categorized as using or not using ultrasound guidance.and nerve stimulation combined. If more than 1 PNB was performed per episode of care, technology and anesthetic type and dose for each PNB were recorded. The primary outcome was LAST, defined as minor LAST (eg, central nervous system features such as agitation), major LAST (eg, seizures), and cardiac arrest due to toxicity. 8 The definitions for LAST events have been utilized previously 5 and incorporate the range of clinical presentations of LAST that are observed clinically, 1 reported in both case series 4 and anesthesiology textbooks. In addition, the free comment section was searched for text that potentially indicated LAST. All events were confirmed with the practitioners, and spurious entries were excluded.
Statistical Analysis
All statistical analyses were performed using Stata 12.1 (StataCorp, College Station, Texas). Continuous variables are reported as median (10th-90th percentiles), and categorical variables as frequency (percentages). The incidence of LAST is summarized with point estimates (n/1000) and exact 95% binomial confidence intervals (CIs). To evaluate the potential effect of time on LAST, tertiles were calculated by dividing the number of PNBs into 3 equal groups, and this variable was treated as categorical. Categorical variables (technology, PNB category, local anesthetic type, sex, tertile) and continuous variables (local anesthetic dosage/weight, local anesthetic dosage, weight, age) were evaluated as potential risk factors for LAST using simple (univariate) logistic regression. Comparative analyses utilized Fisher exact, χ 2 , Mann-Whitney, or Kruskal-Wallis test as appropriate. Parameters with P ≤ 0.2 in univariate analysis were then entered as covariates in multivariable logistic regression models. The logistic regression models were then used to determine significant predictors of LAST. Two main analyses were performed: a per-PNB analysis and a per-patient analysis. Only observations with a complete set of covariates were Propensity score analysis was performed to include interactions and hospital as a predictor. Propensity scores were calculated for the use of ultrasound. These scores included interactions between local anesthetic type and block category and implicitly took into account any interactions between use of ultrasound and block category. The calculated propensity scores were used as a covariate (together with use of technology) in a regression model for LAST (ie, covariate adjustment).
Finally, to evaluate the possibility that technology would have differing effects on severity of LAST, multivariable logistic regressions on a per-PNB and a per-patient basis were also performed separately for (1) minor LAST events and (2) major LAST and (3) cardiac arrest (due to toxicity) events. For all analyses, P < 0.05 was used to determine statistical significance.
RESULTS
The study population comprised 20,021 patients who received 25,336 PNBs. Fourteen thousand eight hundred sixty patients received 1 block, 5033 received 2 blocks, 102 received 3 blocks, and 26 received 4 blocks. Univariate analysis of potential risk factors for LAST is presented in Table 1 on a per-block basis using all local anesthetic types. There were 22 episodes of LAST (13 minor, 8 major, and 1 cardiac arrest). There were 12 episodes of LAST (8, minor; 4, major) with PNB performed with ultrasound (n = 20,401) and 10 episodes of LAST (5, minor; 4, major; 1, cardiac arrest) with PNB not performed with ultrasound (n = 4745). These cases are summarized in Table 2 . The patient who suffered cardiac arrest was having a paravertebral block inserted. The clinical features were consistent with direct intravascular injection of local anesthetic rather than neuraxial spread. The patient was successfully resuscitated with airway management, advanced cardiac life support, and lipid emulsion therapy. Twenty patients with LAST episodes received 1 block, and 2 patients received 2 blocks. Overall, the incidence of LAST was 0.87 per 1000 PNBs (95% CI, 0.54-1.3 per 1000). Table 3 details LAST events, inadvertent vascular puncture, and local anesthetic dosage per technology. Table 4 details the dosages of ropivacaine and lidocaine and utilization of ultrasound per tertile of procedure. Table 5 details the results of the multivariable logistic regression analysis of risk factors for LAST presented on a per-PNB basis with all local anesthetic types included. Table 6 details the results of the multivariable logistic regression analysis of risk factors for LAST presented on a per-patient basis for all local anesthetic types. The PNB practice patterns were relatively complex. *P = 0.004, Fisher exact test; no ultrasound compared with ultrasound; results are expressed as n (n/1000) (95% CI) for number of events. †P = 0.73; no ultrasound compared with ultrasound; results are expressed as n (n/1000) (95% CI) for number of events. ‡P < 0.0005, Mann-Whitney test; median (10-90% percentile) for dosage and n (%) for block category. §Significantly different spectrum of PNB categories between ultrasound and no ultrasound groups (P < 0.0005, χ 2 test). Missing data n (%): ultrasound, 190 (0.7); block category, 13 (0.05).
‖Comprises thoracic paravertebral and posterior approach to the lumbar plexus. LA indicates local anesthetic; LAST, local anesthetic systemic toxicity; and PNB, peripheral nerve block.
Propensity score analysis on a per-PNB basis (as in Table 5 ) including sex, all local anesthetic types, and all interactions with block category produced an OR of LAST with the use of ultrasound technology of 0.28 (95% CI, 0.11-0.71; P = 0.007). When hospital was included in this propensity score analysis, the OR of LAST with the use of ultrasound technology was 0.36 (95% CI, 0.14-0.97; P = 0.043). Propensity score analysis on a per-patient basis (as in Table 6 ) including sex, all local anesthetic types, and all interactions with block category produced an OR of LAST with the use of ultrasound technology of 0.27 (CI, 0.11-0.69; P = 0.006). When hospital was included in this propensity score analysis, the OR of LAST with the use of ultrasound technology was 0.35 (95% CI, 0.13-0.97; P = 0.044).
Finally, separate multivariable logistic regressions for minor and major LAST identified similar predictors and estimated 
DISCUSSION
This study indicates that ultrasound guidance is associated with a reduced incidence of LAST following PNB. All univariate, multiple multivariable, and propensity analyses resulted in almost identical conclusions. The point estimate for the OR for LAST PNB category "Trunk" and LA other than lidocaine and ropivacaine cannot be included in the above analysis as they had no local anesthetic systemic toxicity events. Tertiles were calculated by dividing the number of blocks into 3 groups. The dates for the tertiles were as follows: first *Includes all covariates with P ≤ 0.20 from univariate analysis. †Exact percentile bootstrap 95% CI was 0.084 to 0.56. ‡Lidocaine dosage/kg adjusted to be equivalent to ropivacaine based on practice patterns, that is, divided by the ratio of medians of the lidocaine and ropivacaine doses/kg, that is, 4.4/1.5 or 2.93. §ORs are per 10-year change in age. ‖Includes only covariates that were statistically significant from model 1.
LA indicates local anesthetic; LAST, local anesthetic systemic toxicity; OR, odds ratio for LAST; CI, confidence interval; and PNB, peripheral nerve block. PNB category "Trunk" and LA other than lidocaine and ropivacaine cannot be included in the above analysis as they had no local anesthetic systemic toxicity events. Tertiles were calculated by dividing the number of blocks into 3 groups. The dates for the tertiles were as follows: first *Includes all covariates with P ≤ 0.20 from univariate analysis. †Exact percentile bootstrap 95% CI was 0.088 to 0.59. ‡Lidocaine dosage/kg adjusted to be equivalent to ropivacaine dosage/kg based on practice patterns, that is, divided by the ratio of medians of the lidocaine and ropivacaine doses/kg, that is, 4.4/1.5 or 2.93.
§Odds ratios are per 10-year change in age. ‖Includes only statistically significant covariates from model 1. LA indicates local anesthetic; LAST, local anesthetic systemic toxicity; OR, odds ratio for LAST; CI, confidence interval; and PNB, peripheral nerve block.
with ultrasound guidance, compared with no ultrasound use, ranged from 0.19 to 0.28, and the P values from 0.001 to 0.007, depending on the model used. When hospital was added to the propensity analysis, there remained a significantly reduced risk of LAST when ultrasound was used (OR, 0.35-0.36; P = 0.043-0.044). That is, the results of this analysis indicate that the risk of LAST was reduced by greater than 65% with ultrasound guidance. These results are consistent with a single hospital study where the incidence of LAST was higher with landmark-nerve stimulator technique compared with ultrasound-guided PNB (6/5436 vs 0/9069; P = 0.0061). 9 
Ultrasound Imaging
There are valid reasons why ultrasound imaging may reduce the risk of LAST. These include real-time guidance of the needle trajectory to avoid vascular trauma and, hence, intravascular injection of local anesthetic. Even if inadvertent vascular puncture occurs, ultrasound imaging may detect entry of local anesthetic into a blood vessel or lack of injectate spread around the neural target, alerting the physician to cease the injection, thereby minimizing the dose of local anesthetic entering the circulation. Previous studies have demonstrated that ultrasound guidance reduces the risk of inadvertent vascular puncture during PNB. 5, 6 However, this analysis indicates that inadvertent vascular puncture was not reduced with ultrasound guidance (3.9 per 1000 PNBs) compared with nonultrasound techniques (4.4 per 1000 PNBs). It is possible that inadvertent vascular puncture was unnoticed and underreported; however, the reported incidence in this study exceeds that reported (0.6 and 1.2 per 1000 PNBs for inadvertent venous and arterial puncture, respectively) in a recent singlecenter registry. 10 However, there are other mechanisms whereby ultrasound guidance may reduce the risk of LAST because LAST may occur secondary to delayed absorption of local anesthetic. Ultrasound-guided PNB may be executed successfully with reduced local anesthetic doses. [11] [12] [13] [14] These findings are consistent with our results, as ultrasound guidance was associated with a reduced dosage of ropivacaine, and ropivacaine dosages were reduced over time. Furthermore, ultrasound-guided PNB often includes assessment and reassessment of the spread of local anesthetic injectate, and therefore the technique of ultrasoundguided PNB is incremental. This will reduce the maximum local anesthetic blood level following the PNB and potentially the risk of LAST. 15 There may be other unknown mechanisms by which ultrasound guidance reduces the risk of vascular puncture and direct intravascular injection. For example, potentially the ultrasound transducer may compress veins during injection of local anesthetic. Furthermore, ultrasound guidance is associated with needle trajectories that are different than traditional methods of nerve localization. This may also reduce the risk of injection into key structures including the vertebral artery during interscalene block. 16 
Site of Injection, Dose, and Weight
This study indicates that paravertebral and upper limb blocks were associated with an increased risk of LAST compared with lower limb and trunk blocks. The site of injection is known to correlate with local anesthetic blood levels following PNB. Tucker et al 17 measured highest levels following bilateral intercostal blocks and, in descending order, reduced levels with lumbar epidural, brachial plexus, and combined sciatic/femoral block following a fixed dose of mepivacaine. More recently, Auroy et al 18 demonstrated that lumbar plexus block was associated with a higher risk of LAST compared with upper-and lower-limb PNB.
Previous studies investigating LAST following epidural anesthesia and PNB showed no correlation between blood levels of bupivacaine and dosage, sex, age, height, and physical status, 19, 20 and for mepivacaine, weight and dosage. 17 Furthermore, in a study of 9287 regional anesthesia procedures, there was no correlation between LAST and the local anesthetic dosage or physical status. 21 This current study provides clinical evidence from realworld practice, beyond pharmacokinetic studies, that site of injection, local anesthetic dose per weight, local anesthetic dose, and patient weight are important predictors of LAST. It is relevant to note that the importance of both the site of injection and local anesthetic dose have been thought to be relevant risk factors for LAST for almost 100 years. 22 The results of this current study support using a minimum effective dose achieving either adequate anesthesia or postoperative analgesia, taking into account the site of injection and patient weight.
Local Anesthetic Type
We can draw no conclusions about the relative risk of bupivacaine use because no LAST events occurred using this local anesthetic, and less than 4% of PNBs were performed using bupivacaine. However, this analysis indicates that lidocaine was associated with a higher risk of LAST than ropivacaine. This was a surprising result because lidocaine is thought to be associated with an increased margin of safety. Perhaps this perception influenced the way in which lidocaine was utilized, resulting in reduced vigilance regarding incremental injection and frequent aspirations of local anesthetic. The perceived safety margin may have contributed to the use of relatively excessive doses of lidocaine, particularly when ultrasound guidance was used (Table 3 ). This is in contrast to the reduced dosage of ropivacaine that was associated with ultrasound guidance. Potentially, lidocaine was associated with a higher risk because relatively inexperienced practitioners were more likely to use lidocaine with the aim of hastening onset and improving block success. Of course, the possibility exists that the intrinsic safety of lidocaine has been overstated, and hence the recommended dosages may be too high.
Age and Sex
Age was not a significant predictor of LAST in this analysis. Age may have been expected to be a significant predictor, as patients with comorbidities feature more prominently in case reports of LAST, especially those involving lipid emulsion therapy. 4 However, this may be the result of publication bias, where anesthesiologists consider it more important to report (and journals publish) the successful use of lipid emulsion therapy in a vulnerable population. Sex was not a significant predictor in this analysis, and with the exception of LAST occurring in association with obstetric anesthesia, there is no plausible reason why males or females would be more susceptible to LAST.
Limitations
This study has important limitations, particularly the small number of outcome events (22) to model and the ratio of the number of outcome events to the number of covariates. 23 However, our finding of the reduced risk of LAST with use of ultrasound was consistent across univariate, multiple multivariable models (including bootstrap 95% CIs), and propensity analyses. In this analysis, we made assumptions regarding clinical techniques. For example, we assumed that ultrasound guidance was utilized in a consistent manner for different PNBs. However, PNB includes a wide spectrum of techniques, and ultrasound guidance is arguably more challenging and still evolving for techniques such as posterior lumbar plexus and paravertebral blocks. For this reason, we performed additional per-block category logistic regression analyses, and those results indicated that the use of ultrasound guidance was likely to be protective for all PNB categories. Our main analyses combined major and minor LAST events; however, ultrasound similarly reduced the incidence of both minor and major LAST events, and this is consistent with LAST events having similar etiologies existing along a continuum of severity. A further limitation relates to the registry study design, with uncontrolled observational measurements, which holds a higher risk for unrecognized bias and incorrect conclusions about cause and effect than more rigorous designs. This stems from the influence that unmeasured or unknown confounders may have on the results. Examples of potentially important unmeasured confounders are American Society of Anesthesiologists physical status and patient comorbidities. However, currently there is no definitive evidence that specific comorbidities increase the risk of LAST. Epinephrine was not included as a covariate because this was not consistently measured over the entire study period. However, we estimate (based on a reduced cohort) that in this study less than 3% of PNBs utilizing ropivacaine (used in 87% of our cases) received epinephrine, and a minimum of 57% of PNBs utilizing lidocaine blocks received epinephrine. This practice is consistent with the awareness that ropivacaine has intrinsic vasoconstrictor activity (although this does not influence its own absorption). 24 One recommendation for preventing LAST is the use of an intravascular marker such as epinephrine. 25 In this study, had all PNBs been performed with epinephrine, potentially the results may have been different. Our results demonstrate an association between clinical covariates and LAST but are not definitive in the same way that the results of a randomized controlled trial would be. However, a randomized controlled trial with LAST as the outcome would be impractical because of the rarity of the event and the associated ethical and logistic issues. Ideally, the multivariable models we created for this analysis will be tested again with a different and larger data set in the future, when ultrasound-guided PNB has evolved further. However, this study indicates that ultrasound guidance is so frequently (and with increasing frequency) used in routine practice that obtaining robust comparative data (of non-ultrasound-guided PNBs) in the future may not be possible. The exception to this is paravertebral block where ultrasound was utilized in only 51% of PNBs. The hospitals contributing to this project mostly used ropivacaine (87%), and in the future collecting data from practices that routinely use bupivacaine would be valuable to further explore local anesthetic type as a potential risk factor for LAST.
Twenty hospitals contributed to this study, and therefore it was not appropriate to enter study site as a covariate in the logistic regression models. To address this potential source of residual confounding, propensity score analysis (including hospital as a covariate) was performed, and the results still indicated that ultrasound guidance was protective. A further potential limitation is selective reporting of events, perhaps even favoring ultrasound-guided PNB. Although this possibility cannot be absolutely excluded, the authors consider selective reporting unlikely for the following reasons: (1) the background culture of reporting adverse events and incidents that existed in Australia and New Zealand before the commencement of this project and (2) the development of the registry with its governance and strategies for data quality control.
CONCLUSIONS
This study has demonstrated that LAST occurs rarely in our contemporary practice of PNB. Important risk factors for LASTwere site of injection, local anesthetic type, dosage, weight, and the technology used to perform the PNB. Importantly, this study comprising 25 
‖
Includes only statistically significant covariates from model 1. LA indicates local anesthetic; LAST, local anesthetic systemic toxicity; OR, odds ratio for LAST; CI, confidence interval; and PNB, peripheral nerve block.
